Introduction
The CCAUV.A-K4 is a Key comparison realised under the auspices of the CCAUV-BIPM. The standards circulated among the laboratories were two LS2aP microphones of the type Brüel & Kjaer 4180. Both microphones were also standards used for the CCAUV.A-K3. The microphones had to be calibrated using the reciprocity technique under free-field conditions in the frequency range from 1 kHz to 31.5 kHz (optionally up to 40 kHz) , and the open-circuit free-field sensitivity level had to be reported at the nominal preferred 1/3 rd octave band. The participating NMIs are the Instituto Nacional de Metrologia, Normalizacao e Qualidade Industrial (INMETRO, Brazil), the Centro Nacional de Metrología (CENAM, Mexico), the Laboratoire National de Métrologie et d'Essais (LNE, France), the National Metrology Institute of Japan (NMIJ, Japan), the Korea Research Institute of Standards and Science (KRISS, Korea), and the Physikalisch-Technische Bundesanstalt (PTB, Germany). The National Physical Laboratory (NPL, UK) and the National Institute of Standards and Technology (NIST, USA) were included in the original time schedule, however they resigned participating during the course of the comparison. The time schedule was organized in a single star configuration. The role of the Pilot laboratory was undertaken by the DFM and CENAM. The measurements took place between February 2007 and February 2008. This report includes the measurement results from the participants, information about their calibration methods, uncertainty budgets, and the analysis leading to the assignation of the degrees of equivalence.
Travelling microphones
Two LS2 microphones, Brüel & Kjaer 4180, serial numbers 1395455 and 1395456, were supplied by DFM and circulated among the participants. The DFM has monitored the microphones since the beginning of the comparison. The monitoring consisted of free-field reciprocity calibrations and also pressure reciprocity calibrations. The DFM also performed free-field reciprocity measurements from 1 kHz as stated in the protocol. Figure 1 shows DFM's results of the control calibrations for some selected frequencies during the comparison span. Figure 1 also shows the difference with respect to a common average for the two microphones over the whole frequency range. No significant trend was observed in the control calibrations. 
Calibration methods and reported results

4.1.
Calibration methods A description of the calibration methods and the reporting of results of each laboratory is given below as submitted by each laboratory. No editing of the contents but a small amount of reformatting has been performed. Consequently, table, equation and figure numbers and references do not follow the numbering of the report.
DFM:
Free-field calibration of LS2 microphones.
The free-field sensitivity of LS2 microphones are determined by conducting a reciprocity calibration in accordance with IEC 61094-3 [1].
The calibrations were performed in a small, specially designed anechoic room of about 1.4 m × 1.50 m × 1.7 m free dimensions. The reflection coefficient of the lining material is below -40 dB above 1 kHz.
Measurement method
The electrical transfer impedance is measured in linear frequency steps of 120 Hz from 3 kHz (initially 960 Hz) to 51 kHz. Due to the unavoidable poor signal-to-noise ratio and reflections from the environment a special technique has been developed based on narrow-band filtering in both frequency-and time domain [2] Filtering in the frequency domain is applied by using a B&K Pulse Analyzer in the SSR-mode when measuring the transfer impedance. To enter the time domain by applying an inverse FFT-technique to the measurement result, the missing low frequency values down to 0 Hz are estimated as follows:
The average pressure response (normalized at 250 Hz) has been determined for a large number of BK type 4180 microphones. The free-field to pressure sensitivity diffraction has been calculated as well using the Boundary Element Method [3] . The missing values of the transfer impedance from 120 Hz to 3 kHz (resp. 1kHz) are then estimated from the above normalized responses, the absolute pressure sensitivity of the involved microphones at the actual environmental conditions and assuming an acoustic centre of 4.74 mm. To avoid sudden jumps in the transfer impedance the calculated values are blended into the measurement results over a frequency range of 1200 Hz. Above 51 kHz the measurements are extended to 70 kHz by a linear extrapolation of the measurement results from 48 -51 kHz in order to avoid an abrupt high-frequency cut-off when applying the inverse FFT-technique.
Next, in the time domain, a time window of 0.9 ms is applied to eliminate the unwanted part of the signal and the remaining signal is converted back to the frequency domain. The final free-field sensitivities are then calculated in accordance with IEC 61094-3 using the above manipulated transfer impedances.
Acoustic centres
The acoustic centres used are derived from a linear regression analysis of the above manipulated transfer impedances at four distances (corrected for air attenuation). This has been done for a large number of microphones and the average value has been expressed as a polynomial slightly different from the values in reference [4] .
Correction to reference environmental conditions
In general, calibrations will be performed at the following environmental conditions:
+ a static pressure of 101.325 ± 3 kPa + a temperature of 23 ± 1 °C and + a relative humidity of 50 ± 15 %RH
The calibration results are corrected to reference environmental conditions by applying the individual static pressure-and temperature coefficients valid for the pressure sensitivity, i.e., the additional influence of the radiation impedance has been neglected.
Correction to nominal frequencies
The correction of the measured sensitivities in steps of 120 Hz to the required nominal frequencies has been performed by a simple linear interpolation between the measured sensitivities.
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[ The open circuit sensitivity is determined by means of the reciprocity technique according to IEC 61094-3, [1], using a set of three microphones of the same type, {1, 2, 3}. The microphone under test is sequentially acoustically coupled in pairs, {1-2, 1-3 and 2-3}, at known distances within the two microphones in a field essentially free of acoustic reflections (free-field). The sensitivity of the microphone is obtained from the measurements of the electrical transfer impedance function, and the calculation of the acoustical transfer impedance between the three pairs of microphones. Electrical transfer impedance is measured in the frequency range from 1 152 Hz to 52 992 Hz with a 128 Hz resolution, using a dual channel digital signal analyzer. A cleaning procedure, based on time selective window, is applied to reduce acoustic reflections, microphone interference and cross-talk between the measurement channels. Sensitivity levels for 1/3 octave frequencies above 3 kHz are calculated by linear interpolation from the set of measurement results in the frequency range given above, according to: Free-field sensitivity levels for frequencies below 3 kHz are calculated through a free-field correction, determined from measured free-field and pressure sensitivity levels. A ninth degree polynomial fitting is calculated for each free-field correction, obtained from repeated measurements. For frequencies below 500 Hz it is assumed that both sensitivity levels, free field and pressure, are equal. Then the free-field correction calculated, through the polynomial fitting, for frequencies from 1 kHz to 3 kHz is used to determine the corresponding free-field sensitivity level.
Four different separation distances, between each pair of microphones, are used in each measurement; these are given in table A: Corrections for the position of the acoustic centre are applied, and the corresponding correction factors for static pressure and temperature are used to obtain the sensitivity at reference conditions (101.325 kPa and 296.15 K (23 ºC)). Polarizing voltage of 200 V ± 0.04 V is applied to both, transmitter and receiving, measuring channels.
c.2) Acoustic centre and environmental coefficients
Positions for acoustic centre are obtained from reference [2] . Static pressure coefficients are determined for each microphone using the pressure sensitivity levels obtained by the reciprocity technique for five static pressures from 81 kPa to 101.4 kPa. Later a linear regression fitting is used to obtain the corresponding coefficient for frequencies from 125 Hz up to 31.5 kHz. Temperature coefficient is calculated using the typical value given by the manufacturer and the polynomial approximation given in [3] . The Environmental conditions of measurement are shown in table B The expanded measurement uncertainty is obtained multiplying the standard combined uncertainty by a coverage factor, k = 2, which gives a confidence level of al least 95 %, under the assumption that the probability distribution function for the measurand is approximately normal.
The measurement uncertainty is estimated according to the Mexican National Standard NMX-CH-140-IMNC-2002: "Guía para la Expresión de la Incertidumbre en las Mediciones", which is equivalent to the "Guide for the Expression of Uncertainties in Measurement: BIPM, IEC, IFCC, ISO, IU-PAC, IUPAP, OIML (1995)".
The uncertainty value given in this certificate, does not take into account the contributions due to long term stability, drift and transportation for the calibrated instrument.
f) Traceability:
Calibration results are traceable to the kilogram (kg), Kelvin (K), second (s), metre (m) and ampere (A), base units of the SI, through the Mexican National Standards for Barometric Pressure (CNM-PNM-24), Temperature (CNM-PNE-2), Time (CNM-PNE-1), Length (CNM-PNM-2) and Intensity of Alternating Current (CNM-PNE-10), maintained by CENAM.
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KRISS:
The dimensions of the anechoic chamber used for the free-field calibration are 2.3 m (depth), 2.2 m (width), and 2.4 m (height). The microphones are mounted on 12.7 mm diameter vertical rods. The distance between two microphones is adjusted by a computer controlled servo motor and encoder with the resolution of 1 mm.
The voltage ratio functions are measured using Reciprocity Calibration Apparatus (B&K 5998) and PULSE (B&K 3560C). The frequency is swept from 0.8 kHz to 51 kHz in linear frequency steps of 120 Hz. The number of measurement at each frequency is increased until the statistical uncertainty of the measurement response (i.e., twice the standard deviation) is less than 0.01 dB.
A perfect free-field facility of no interference from walls and obstacles is not readily available in practice, so it has led to the use of signal processing techniques to eliminate the reflections from boundaries. In addition, an electrical interference noise due to imperfect insulation of measuring instruments, so-called cross-talk, should be eliminated with the same manner. The time selective windowing technique for effective removal of multi-path noises is widely utilized for reciprocity calibrations, but it is still short in overcoming the limitations imposed by overlapped signals, in particular at low frequencies. Based on FFT analysis, the leakage due to the limited frequency range makes the overlap problem worse, not to be perfectly separated. Instead of conventional low pass filter designed to have a flat response in the frequency range of interest, Chebyshev window shaped function is selected because of its low sidelobe levels. After multi-path noise removal, the voltage ratio functions are restored by compensation with inversing filtering. The free-field sensitivity level at the nominal preferred 1/3rd octave centre frequencies is calculated with the linear interpolation between those at two adjacent frequencies. The free-field sensitivity levels near 1 kHz are estimated by the interpolation technique between the pressure sensitivity levels at the low frequencies and the free-field sensitivities at the high frequencies.
The distances between two microphones are varied from 100 mm to 300 mm with 50 mm step. The final results are the average of these five measurements. The acoustic centres used for the sensitivity calculation are the nominal values given in IEC 61094-3:1995. The acoustic centres for the higher frequencies were obtained by extrapolation method.
NMIJ:
The free-field sensitivity was determined in compliance with IEC 61094-3:1995, using a reciprocity calibration system developed by NMIJ. In the system, both the signal generation and the signal processing were executed by a dual-channel FFT analyzer, model CF-5220 of ON0 SOKKI Co. Signal to noise ratio was improved by the synchronous waveform averaging method. The insert voltage technique was used to cancel the effect of the gain and impedance of an electrical circuit. The calibration was performed by using software of our own making.
Sound absorbing wedges made of glasswool are attached on the inside walls, ceiling and floor of an anechoic chamber. The inner space of the anechoic chamber is (W) 9.5 m by (L) 8.0 m by (H) 7.2 m. The cutoff frequency of the anechoic chamber is 40 Hz. The temperature and humidity inside the anechoic chamber are well controlled (23.0 ± 0.5 ºC and 50 ± 5 %, respectively).
The sensitivity was corrected to the reference environmental conditions by using K. Rasmussen's method [I] . At 31.5 kHz, only pressure dependency has been corrected because of no reliable temperature coefficients. At 40.0 kHz, neither pressure nor temperature dependency has been corrected because of no reliable pressure and temperature coefficients.
The calibrations were normally carried out using only B&K type 4180 microphones. At low frequencies below 5000 Hz, however, type WS2 microphones (B&K type 4165 and type 4190) with cavity rings (B&K UA0825) were also used to achieve high signal to noise ratio because the sensitivity of these microphones was about 10 dB higher than that of type 4180 microphones. B&K type 4165 microphones were just used as the transmitter microphones and B&K type 4 190 microphones were used as the reciprocal microphones.
To minimize the influence of sound reflection, the virtual pulse technique was applied [2, 3] . In this technique, firstly the voltage transfer function (VTF) between the input terminal of the transmitter microphone and the output terminal of the receiver microphone was measured by using swept-sine signal.
The bandwidth of the swept-sine signal was 200 Hz (1 kHz -1.6 kHz), 400 Hz (2.0 kHz -5 kHz), 2 kHz (6.3 kHz -12.5 kHz) and 4 kHz (16 kHz -40 kHz), respectively. The centre frequency of swept-sine signal was equal to each measurement frequency. Secondly, the pulse response of VTF was computationally calculated by multiplying the virtual pulse signal by the VTF in the frequency domain.
The influence of sound reflection could be minimized by the convolution of the pulse response and a window function [2, 3] .
The acoustic centres were calculated from the VTFs by using least square method. In the VTFs measurements, the actual distances were set to 10, 15 and 20 cm (1000 Hz -5000 Hz) and 15, 20 and 25 cm (6300 Hz -40000 Hz), respectively. The microphones used for determining the acoustic centre were the same as the calibration. The influence of reflection was similarly minimized by the virtual pulse method [2, 3] .
Values of the air attenuation coefficients were obtained according to IEC 61093-3 Annex B. Density of air was calculated in compliance with IEC 61094-2, Annex F.1 (Density of humid air).
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LNE:
According to the technical protocol of the key comparison CCAUV.A-K4 (October 2006), this report completes the two standard calibration certificates issued from LNE after the key comparison CCAUV.A-K4 in order to provide additional information on the calibration method.
All the pieces of information required in the technical protocol ( § reporting results) are listed below in the following paragraphs.
The environmental conditions during the calibrations. The results given in the calibration certificate correspond to the mean values of three calibrations obtained using three distances. The used distances between microphones body (not including frontal cavity depth) are: 25 cm, 30 cm and 35 cm.
Values of the temperature and pressure coefficients of the microphones used in the calculations.
The temperature and pressure coefficients of the microphones are calculated using the polynomial constants given by the manufacturer (technical review N° 1 -2001) and using a constant microphone resonant frequency of 23 kHz.
A summary of the uncertainty calculation and the overall uncertainties calculated for a coverage factor of k=2.
The budget was sent before the comparison starts.
The effect on the reported results.
Air density is calculated using the polynomial formula given in Report PL11b, 1997 DTU. The effect on sensitivity calculation seems to be lower than 0.0015 dB. Air attenuation coefficient is calculated using the polynomial formula given in Report PL11b, 1997 (DTU). The effect on sensitivity calculation seems to be lower than 0.0005 dB.
The values of the acoustic centres used in the calculation.
Acoustic centres used in calculation are those given in IEC 61094-3:1995. For frequencies greater than 20 kHz, this value is set to 0 mm.
Calibration results using three decimals (if not already given in the certificate).
Calibration results are given with 3 decimals in the calibration certificate and with a full resolution in the additional results spreadsheet.
The interpolation technique used if the actual measurements are not performed at the required frequencies.
None interpolation technique is used: calibrations are carried out at the required frequencies.
The technique used to estimate the free-field sensitivity at low frequencies if a direct calibration is not available.
Free field calibrations are carried out at the all the nominal preferred 1/3-octave frequencies from 1000 to 31500 Hz. However in order to provide acoustical disturbances filtering, calibration requires additional frequency points which are measured for frequencies greater than 950 Hz and estimated above. That estimation involves the individual pressure sensitivity of each microphone and the diffraction correction given in IEC/TS 61094-7.
The effect of the diffraction correction is lower than 0.01 dB on the free-field sensitivity at 1 kHz and negligible for the other frequencies.
PTB: "Methodology for free field calibration CCAUV-A-K4
The calibration was performed as a reciprocity calibration according to IEC 61094-3 in an electrically shielded anechoic chamber with a net volume of about 15 m 3 and free dimensions of about 2.0 x 2.0 x 3.7 m 3 .
The microphone mounts were vertically placed half-inch hollow tubes holding the receiver preamplifier (B&K 2645) and the transmitter housing.
An essentially constant voltage of approximately 6 V (rms) was directly fed to the terminals of the transmitter housing and measured by one channel of a dual channel FFT analyzer type Ono Sokki 6400 which also provided the transmitter voltage and performed a phase-locked averaging of the input signals. The other channel of the analyzer was connected to the receiver chain, consisting of the preamplifier type B&K 2645, a measuring amplifier type B&K 2636 and a third-octave filter type B&K 1617. The gain of the receiver chain, including the loading of the receiver microphone by the preamplifier, was determined using the insert voltage technique. The analyzer measured the ratio of the FFT spectra of both channels. In order to calculate the transmitter current, the effective capacitance of the transmitter microphones was measured for all frequencies by means of a capacitance bridge type QuadTech 7600 using a specific microphone housing. The electrical transfer impedance was then calculated from the spectral ratio, the receiver channel gain and the effective transmitter microphone capacitance.
The polarization voltage for the transmitter microphone was provided by a modified microphone front-end type Norsonic 336, for the receiver microphone it was generated within the B&K 2636 measuring amplifier. The polarization voltages were checked by a differential voltmeter type Fluke 893A.
For each measurement frequency several electrical transfer impedance measurements were performed in linear distance steps, distance ranges and number of steps are given in the certificates. The electrical transfer impedance per frequency was finally derived from a linear regression analysis of the electrical transfer impedance over the microphone distance.
The open circuit free-field sensitivity was calculated using the formulae and data given in the current edition of IEC 61094-3 and transformed to the reference conditions, see certificate.
Because all calibrations were performed at the required frequencies, no interpolation technique was applied.
INMETRO:
The basic procedure to calibrate microphones in free-field is described in the international standard IEC 61094-3. The calibration method used by INMETRO employs digital signal processing techniques to identify and to minimize the effect of the components that interfere in the determination of the sensitivity of the microphones.
Among these components, crosstalk, multiple backscattering and sound reflections inside the anechoic chamber are considered.
The crosstalk was suppressed using the subtraction technique. A correction file including the magnitude and phase response of a dummy microphone with similar capacitance to the B&K4180 is first obtained. Then, all voltage measurements of the receiver microphone are corrected by the subtraction of this correction file. This procedure allows the suppression of this specific component, which interferes most strongly in the result of the reciprocity method in free field.
The multiple backscattering between the microphones and the other sound reflections present in the impulse response of the voltage output of the receiver microphone were suppressed by using a time-selective signal processing technique. A hybrid non-symmetric time-window function formed by the combination hanning-rectangular-hanning with width of respectively 2 ms, 11 ms, 0.85 ms was used for the time-selection of the direct sound.
The measurements of the electrical impedance were carried out at the distances between the microphones of 170 mm, 200 mm, 240 mm and 300 mm.
The analyzer was configured for a resolution of 1.47 Hz between frequency bins. The interpolation technique used to obtain the sensitivities at the preferred nominal frequencies was the simple arithmetic mean between the results measured at the adjacent lower and upper frequency bins. Table 1 presents the values of the used acoustic centres for the determination of the sensitivity of the B&K4180 microphones serial numbers 1395455 and 1395456. The measured sensitivities at the environmental conditions of the laboratory were corrected to the reference environmental conditions. The correction method used is the one described in IEC 61094-3 (1995) for measurements up to 31.5 kHz. This same correction method was also applied up to the frequency of 40 kHz. INMETRO used the values [of the temperature and static pressure coefficients] described in Rasmussen, Metrologia 36 (1999).
Microphone parameters
Besides the open-circuit, free-field sensitivities of the microphones, the protocol requested that the laboratories should submit additional microphone parameters:
Values of the temperature and pressure coefficients used in the calculations, and values of the acoustic centres used in the calculation,
The values of the temperature and pressure coefficients reported by each laboratory are given in the following tables 2 and 3. The values of the acoustic centre are given in the table 4 below. Each laboratory reported their results after their own measurement round. Once all data was gathered, a preliminary analysis was made, and it showed that there were some discrepancies among laboratories. A few laboratories were asked to review their submission, and to resubmit if it was necessary, with an explanation of the reason for the review. All but one laboratory (NMIJ) declined to resubmit. NMIJ sent the reviewed data with the following explanation. The open-circuit, free-field sensitivity level reported by each laboratory for each microphone at each frequency is given in the tables 5 and 6 below. The sensitivity level is given in dB re 1 V/Pa. The uncertainties in dB declared by each laboratory are listed in table 7. In general, a linear model described by ( ) = ⋅ E y X a has to be solved for each frequency. In the model a is a vector of parameters of the model, E(y) is the expectation of the measurements and X is the design matrix; these values are the values that should have been measured in absence of uncertainty. The vector y is conformed by the n measurement values provided by the participants on at least one of the circulated measurement objects. The elements of the design matrix are known a priori with zero uncertainty. The parameters a 1 … a k , k ≥ 1, are unknown and have to be estimated from the n measurement results provided by the participants y, and the associated covariance matrix Σ.
The covariance matrix Σ is the sum of two matrixes: Σ meas , which contains the square of the uncertainties claimed by the participants (diagonal elements) and the covariances between the provided measurement results (off-diagonal elements), and Σ object , which contains only diagonal elements that describe the estimated variance of the value of the measurand due to random instability of the circulated objects. Once these matrices have been built, the unknown parameters in the model and the reference values of the comparison can be estimated following the rest of the procedure described in reference [2] .
In the analysis presented in this report it has been assumed that the correlation for two results y i and y j provided by different participants is equal to 0. In the case of two results y i and y j provided by the same participant, a common correlation coefficient for all participants has been assumed. The common correlation coefficient ρ was determined by the pilot laboratory using its own data, as described in Annex A. Additionally, the circulated measurement objects were considered stable, so that Σ object = 0 in the analysis.
The covariance matrix and the matrix of the results of the participants are constructed using the data supplied by the participants. Because no further linking to any existing comparison is to be made, no additional matrixes with data from such a comparison are built. The model looks then as ( ) 
where E(y i,j ) is the expected value of the i-th standard being measured in the j-th laboratory in the loop. The elements of the vector a i are the parameters to be estimated for the standard i.
The covariance matrix is a 14 x 14 matrix that contains the declared uncertainties from each laboratory. The correlation value for measurements carried in the same laboratory is frequency dependent, and it was determined from the measurements made at the pilot laboratory. See Appendix A for a detailed explanation of the calculation of the correlations.
Once these matrices are complete, the estimates of the unknown parameters of the model can be calculated using: where y r and X r are obtained from y and X given in (1) by deleting the rows associated with the laboratories excluded from the calculation of the reference values, and Σ r is the covariance matrix associated with the reduced data set y r
The reference values of the comparison and the associated covariance matrix should be calculated using:
The degrees of equivalence are obtained using: 
where D ij is the inter-laboratory deviation. The u xx elements are obtained from equation (4).
Equivalence and consistency of results
As the participating laboratories are measuring the same item, it can be assumed that the reported results are drawn from a normal distribution. This hypothesis is tested by means of an observed χ 2 -distributed estimator, as described in [2] . The degrees of freedom of the χ 2 distribution are ν = n-k, where n is the number of measurements (14 for most frequencies) and k the number of standards (2 LS2aP microphones). To accept the hypothesis with a significance of 5 %, the probability P{ χ 2 (ν)>χ 2 obs} has to be larger than 5 %.
During the course of the comparison, any anomalous results need to be identified by the pilot laboratory. Any laboratory whose results show deviations judged to be irregular must be contacted in order to have an opportunity to revise their results. Details of this process are given in section 4.3.
Identifying discrepant measurements
Once all data was collected, and the participants reported any problem with their measurement, the analysis method in [2] was implemented. This method uses the normalized deviations that were calculated for every frequency and measurement. The method assumes that the normalized deviations are distributed as N(0,1). Therefore, if the modulus of a particular normalized deviation is greater than 2, the corresponding measurement can be considered discrepant with a significance of 5 %.
Handling of discrepant measurements
If a measurement has been judged to be discrepant, it should be excluded from the least squares calculation of the reference values. Otherwise the calculated reference values cannot be considered to be proper estimates of the SI values of the quantities represented by the circulated objects. If there is a discrepant measurement y ij in a key comparison and the uncertainty assigned to this measurement is very small, the key comparison reference value will be attracted to this discrepant result. As a consequence the remaining results might appear to be discrepant as well even if they are mutually consistent. Since one discrepant measurement will always have a value |d ij | larger than the values |d kj |, i≠k of two or more mutually consistent values, the value y ij with the larger value |d ij | should be excluded first. A repeated least squares adjustment of the reference values will then show if there are further discrepant results.
The procedure of excluding discrepant results one by one can be summarized as follows: 
Results
Reference values
As in previous comparisons, there is not a single key comparison reference value, but one per frequency associated with each one of the standards circulated. The reference values are listed below in table 8. These values were obtained using the procedure described in the previous section. Some discrepant results were found at some frequencies. In all cases where a discrepant measurement was found, this measurement result or results have been excluded from the determination of the reference values (see tables 5 and 6 in section 4.3). The degrees of equivalence per laboratory were determined as mentioned in the previous section (equation (4)). , when high correlation coefficients are used, the test tends to fail. This is simply because a high correlation forces the differences to be the same for the two standards, and that may not be the case. Although at some frequencies the result of the χ 2 test is low, in general this test has been considered satisfactory when the correlation between measurements of the same laboratory takes the values tabulated in Appendix A. 
Conclusions
The aim of the Key Comparison CCAUV.A-K4 is to establish reliable equivalence between National Metrology Institutes for free-field calibration of Laboratory Standard microphones of the type LS2aP. The initial plans involved nine participants. However, once the comparison was underway, two laboratories decided to decline from participating.
Two LS2aP microphones were circulated among the participants in a single star configuration. All participants reported the free-field sensitivity and other microphone parameters such as acoustic centre, environmental coefficients, etc.
The reported sensitivities have been analysed using a least-squares technique similar to the one used in the Key Comparison CCAUV.A-K3. All laboratories were included in the estimation of the reference values. There is no preceding comparison with which the obtained degrees of equivalence can be compared. 
Appendix A -Determination of the correlation coefficients
The correlation coefficients used in the analysis were determined from a relatively large set of freefield sensitivity data gathered at DFM from all the control measurements carried out on the travelling standards. The DFM's own uncertainty budget was also used in the determination of the correlation coefficients. In principle, this calculation should only be valid for DFM's correlation coefficients, but it has been chosen to use them for all laboratories. In the following, all operations are referred to this set of measurements.
The covariance was determined as the sum of the contributors to the uncertainty of the measurement that affect the sensitivities of both microphones in a similar manner, including the reproducibility, that is, the type B contributors. Some of these contributors are: the environmental variables, the polarising voltage, the reference impedance, the effective distance between microphones, and the mathematical manipulations.
( )
where M f1 and M f2 are the free-field sensitivities of the microphones, and u i is the i th uncertainty type B component in the uncertainty budget. In order to have a more realistic estimate of the experimental reproducibility, the experimental correlation coefficient of the sensitivities of the two microphones, ρ xy , was calculated, and used for determining the experimental covariance by means of:
where σ 1 , and σ 2 are the standard deviations of the free-field sensitivity of each microphone.
Finally, the correlation coefficient at each frequency was determined using the sum of all covariances divided by the product of the combined variance of the two microphones (which is the same for the two microphones):
The correlation coefficients obtained by such a procedure are presented in the table below. 
Appendix B -INMETRO corrections to reported results
During the process of reviewing the draft A, INMETRO requested to introduce some corrections to the data originally reported. Table B1 contains the original and revised sensitivities of the two microphones. The reason given by INMETRO for this correction is the following:
"The sensitivity results reported in the cancelled documents (i.e. calibration certificates DIMCI 0209/2008 and 0210/2008) where erroneously referred to the nominal centre frequencies of 3rd-octave band, as requested by the measurement protocol of the comparison CCAUV.A-K4. It was detected that these sensitivity results refer to the exact centre frequencies of 3rd-octave bands of base 2, which are obtained by the equation 1000*2N/3, where N is an integer. This situation implies that some frequencies match but others are different. A coincidence between the nominal and exact frequencies within the frequency range of the comparison is obtained at 1 kHz, 2 kHz, 4 kHz, 8 kHz and 16 kHz. Unfortunately, the INMETRO only perceived this fact after the confirmation sent to you. The mismatch between some of the frequencies reported and the ones requested in the protocol implies in significant differences that required this communication." 
DFM
The condensed uncertainty budget for a free-field reciprocity calibration of B&K type 4180 microphones are given in the table below. The free-field sensitivity is determined as the average of the results derived using four measuring distances between 170 -320 mm for type B&K 4180. The background for the budget is given in the following remarks:
1. The figures represent the combined effects of the uncertainty on the distance between the microphone diaphragms (0.05 mm), front cavity depth (0.05 mm) and acoustic centres (0.5 -1.0 mm) referred to the average distance of 240 mm.
2. The figures represent the combined effects of the measurement uncertainties on static pressure (50 Pa), temperature (0.5 K) and relative humidity (10 %). Microphone sensitivity product
The module of the microphone sensitivity product is given by (microphone 1 as receiver and 2 as emitter): -α is the air absorbtion (assumed constant during the 3 Z e measurements) Expressed in dB, the above microphone sensitivity product become : 
And where K sys corresponds to the systematic deviation from the ideal conditions (K sys is a null correction only used for uncertainties calculation)
-Polarization voltage of the two microphones K pol -Angular deviation of the two microphones from the main axis K θ -Acoustical disturbances K echo -Electrical disturbances K elec -unknown deviation K unk
Electrical transfert impedance measurement
The elementary measurement is a voltage ratio measurement : -g R1 corresponds to the gain of the receiver microphone amplifier (insert voltage with the microphone n°1) and G R1 = 20.lg(g R1 ) -g E corresponds to the gain of the emmiter microphone amplifier and G E = 20.lg(g E ) -Z e12 corresponds to the electrical transfert impedance with the microphone microphone n°1 and n°2) and L 12 = 20.lg(Z e12 ) -C corresponds to the electrical capacitance used for the current measurement and CC is the corresponding correction (dB)
The electrical transfert impedance expressed may be written in dB :
lg 20
Where Att corresponds to the attenuation (dB) of the attenuator used for the insert voltage method.
For the following microphone configurations 13 and 23 : 
Individual microphone sensitivity
The sensitivity of the microphone n° 1 can be written as : 
where F kHz = f / 1000
Attenuator component
The maximum uncertainty due to the attenuator is estimated as 0,01 dB.
Capacitor component
The calibration of the capacitor gives C = 4744,0 pF ± 0,01 % ± 0,1 pF (k=2) It results : u C = 0,0012 / 2 = 0,00061 dB
Air density component
Using the formulation of the air density given in IEC 61094-2 Annex F and the usual air conditions, we obtain : 
